INTRODUCTION

PURPOSE AND SCOPE OP THE INVESTIGATION
This report was prepared to summarize existing data that pertain to the ground-water resources of the area studied, to present a brief annotated bibliography of previous reports that pertain to the groundwater resources, to collect and summarize data concerning public, industrial, and irrigation well pumpage, to evaluate the existing hydrologic data, and to delineate those parts of the basin, if any, where detailed ground-water studies are needed to understand more fully the ground-water resources.
The report includes a brief description of geology and topography, a summary of the chemical analyses of 29 samples of ground water and 14 samples of surface water, and a discussion of the occurrence and quality of the water. The investigation was made during 1952 and the spring and early summer of 1953.
The study was under the direct supervision of C. F. Keech, district engineer of the Ground Water Branch of the United States Geological Survey in Nebraska. The quality-of-water section was prepared under the direct supervision of P. C. Benedict, regional engineer of the Quality of Water Branch, U. S. Geological Survey, for the Missouri River basin.
LOCATION AND EXTENT OF THE AREA
The area studied is the part of the Elkhorn River drainage basin west of the eastern boundary of Stanton County, Nebr., and includes parts of Antelope, Holt, Knox, Madison, Pierce, Platte, Rock, Stanton, and Wheeler Counties, Nebr. The basin, which the area studied will hereafter be called in this report, is about 130 miles long from east to west, averages about 31 miles in width from north to south, and covers about 4,000 square miles. (See pi. 44 and fig. 82 .)
METHODS OF INVESTIGATION
Records of 131 wells were obtained from well drillers and owners. (See table 6 .) The depth of water in 37 wells and the depths of 15 wells were measured with a steel tape. Reported depths to water and depths of wells are given for those wells that were not or could not be measured. Eight water samples were collected from representative wells for chemical analyses. Analyses were available for 19 samples of ground water and 14 samples of surface water previously collected from the basin.
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IGURE 82. Map of Nebraska showing area described.
CONTRIBUTIONS TO HYDROLOGY
Field data were plotted on county highway and transportation maps at a scale of 1:31,680. Plate 44 was compiled from these maps. The wells and test holes were located from known points by means of an automobile odometer.
WELL.-NTJMBEB.ING SYSTEM
Wells and test holes are numbered according to their location within the United States Bureau of Land Management's system of land subdivision. The well number gives the location by township, range, section, and position within the section. The well-numbering system is illustrated in figure 83 . The first numeral indicates the township, the second the range, and the third the section in which a well is located. The first letter following the section number denotes the quarter section; the second, the quarter-quarter section (40-acre a: a.
BASE LINE
Well B27-9-34da R. 9 W.
Sec. 34 
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tract). The subdivisions of the section are lettered a, b, c, and d in a counterclockwise direction, beginning in the northeast quarter or quarter-quarter. Consecutive numerals follow the lowercase letters when more than one well is in a 40-acre tract. The capital letter "A" precedes the well number if the well is east of the sixth principal meridian.
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PREVIOUS INVESTIGATIONS AND REPORTS
Existing literature was reviewed to determine the available published data pertaining in whole or in part to the occurrence and utilization of ground water in the basin. A short annotated bibliography of that literature is given in the Selected bibliography at the end of this report. Soil-survey reports by the United States Department of Agriculture on Antelope, Holt, Knox, Madison, Pierce, Platte, Rock, and Stanton Counties also are available but not shown in the Selected bibliography. These reports contain data concerning climate, agriculture, and soil and are of interest in connection with the use of water in the basin.
GEOGRAPHY
CLIMATE
The climate of the basin is continental with a rather wide range in temperature between winter and summer; generally, it is well suited to raising livestock and growing of feed and grain crops. The spring months are cool and have considerable rain; the summer months are warm and have moderate precipitation; the autumn months are pleasant with only occasional rains; and the winter months are characterized by frequent low temperatures that are usually accompanied by snow. The range in topographic relief is insufficient to cause appreciable climatic differences from place to place. The average annual temperature and precipitation at nine United States Weather Bureau stations in the basin are shown on plate 44. Plate 45 shows graphically the annual precipitation at the nine stations over their periods of record.
The maximum, minimum, and average monthly precipitation and the cumulative departure from average annual precipitation, at Ewing, Nebr., which is near the center of the basm, are shown in iigure 84. Of interest in connection with studies of the water re- sources of the basin is the long period, 1923-40, of successive years of below-average precipitation. Precipitation from 1940 to 1945 was about average, and it was continuously above average from 1945 to 1951. Because this study followed a 6-year period during which the cumulative total of above-average precipitation amounted to about 32 inches, the ground-water levels probably were at least at an average, long-term position during the study.
TOPOGRAPHY AND DRAINAGE
The Elkhorn River basin lies in the Great Plains physiographic province of the United States (Fenneman, 1931, p. 11-12 ). It is a nearly level to rolling constructional plain, which has been considerably modified by water and wind erosion. Nearly all the uplands slope gently southeastward. The basin includes parts of two rather welldefined physiographic divisions known as the Sand Hills and loess plains regions.
The western part of the basin is in the Sand Hills region of Nebraska. Here, wind has formed a gently undulating to hilly terrain in loose sand. The sand has been deposited in an irregular succession of hills and ridges, which range in height from 10 to 80 feet above the intervening valleys, pockets, and swales. The monotony of the landscape is broken in places by small lakes and marshes. The few, small, permanently flowing, rather sluggish and tortuous streams are entrenched to a depth of only 4 or 5 feet. An intricate system of scarcely perceptible swales slowly contributes water to the streams during and after early spring thaws and long periods of rainy weather.
The eastern part of the basin is within the loess plains region of the Great Plains province. The original surface has been modified considerably by erosion, and only a part remains to mark the level of the former loess mantle. The topography in this part of the basin is moderately to sharply rolling except on the broad, flat terraces and flood plains along the Elkhorn and North Branch of the Elkhorn Rivers and on the narrow alluvial lands along the larger creeks. An eroded loess plain lies south of the Elkhorn River valley. This plain is the highest part of the basin and is a remnant of the original loess plain. The topography ranges from almost flat to hilly; narrow strips of alluvial land occur along the creeks and small drainageways. The gradients of the larger streams generally are low, and the stream valleys are broad and shallow.
STRATIGRAPHIC UNITS AND THEIR WATER-YIELDING
PROPERTIES
The rock formations exposed at the surface in the upper Elkhorn River basin are almost exclusively unconsolidated sedimentary rocks of Pleistocene or Recent age. 
GROUND WATER OCCURRENCE, SOURCE, AND MOVEMENT
Grouad water occurs in the basin hi the pore spaces of the underlying materials. In most of the basin, ground water occurs under water-table conditions, but in some places it is confined under artesian pressure. Artesian flows have been reported locally from gravel beds at three different horizons in deposits of Pleistocene age. Typical is well 22-l-29bb (Madison County), which is an irrigation well obtaining water under sufficient pressure to flow at the rate of about 35 galloas per minute (gpm) at the land surface.
The depth to the water table ranges from a few feet to more than 100 feet below the land surface. The water table in the alluvium that underlies the flood plain of the streams generally is within 10 feet of the land surface.
Most precipitation upon the basin becomes surface runoff, is used by growing plants, or is evaporated. The remainder, a small percentage of the total, percolates to the water table as recharge to the ground-water reservoir.
Ground water moves from higher to lower altitudes in the direction of the hydraulic gradient, and if all other factors are constant, the rate of movement is proportional to the gradient. Generally, the direction of ground-water movement in the basin is toward the streams.
GROUND-WATER REGIONS
The Elkhorn River basin above Pilger, Nebr., includes three ground-water regions which have been defined by Condra and Reed (1936) . They are the Sand Hills, the central, and the northern drift regions. (See fig. 85 .)
SAND HTLLS REGION
The water table in the Sand Hills region is in most places less than 20 feet below the land surface, and the ground-water reservoir is a td Oi readily replenished by infiltration from precipitation. The Brule formation and the Pierre shale are nearly impervious and are overlain by permeable sands of Tertiary and Pleistocene age, uppermost of which is dune sand. In places, the saturated thickness of the sands is 300-500 feet. The general direction of ground-water movement is southeastward, but locally south of the Elkhorn River, it is northeastward toward the river. Many artesian wells, which range in depth between 80 and 300 feet, obtain water from formations of the Quaternary system in the eastern part of the Sand Hills region. The deposits of Pleistocene and Tertiary age would yield water to irrigation wells in this region, but irrigation farming is restricted because removal of the sod by plowing subjects the sandy soil to destructive wind erosion. A few stockraisers now irrigate feed crops in some parts of the Sand Hills, and ranching in the basin eventually may be supplemented with considerable irrigation farming.
CENTRAL REGION
The topography of the central region, which lies between the Sand Hills and northern drift regions, is smooth to rough. The surficial deposits in this region consist of loess, which is underlai i by deposits of silt, sand, and gravel of Pleistocene age that rest in most places upon the Ogallala formation of Pliocene age. The Ogallala formation thins toward the east and in some localities in the region was removed by erosion before the Pleistocene epoch. In these places, the deposits of Pleistocene age rest on almost impervious bedrock of Cretaceous age, which underlies the entire basin. Ground-water recharge is received from local rainfall, from general southeastward underflow from the Sand Hills, and from streams that originate in the Sand Hills region. Wells obtain water from sand or gravel at depths ranging from 100 to 200 feet in the uplands, and at relatively shallow depths in the valleys. Prospects for the development of ground water for irrigation in this region are good, as the ground-water storage is extensive and the water is of good quality.
NORTHERN DRIFT REGION
The surficial deposits in the northern drift region are loess and alluvium which mantle glacial till. The till is intercalated with stratified drift of sand and gravel, which is above the water table along some of the bluffs and valley margins. Most wells obtain water from the alluvium or the drift, but where water is not available from these deposits, wells are drilled to the Dakota sandstone. The wells range hi depth from about 100 feet or more in the eastern part of the region to 800 feet in the northwestern part. The potentialities for irrigation development in some parts of the region are good.
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FLUCTUATIONS OF THE WATER TABLE
The water table fluctuates with changes in the rates of recharge and discharge. If the discharge from a ground-water reservoir exceeds the recharge, the water table will decline; if recharge exceeds discharge, the water table will rise. Thus, the rate and magnitude of fluctuation of the water table depend upon the rate and magnitude at which the ground-water reservoir is replenished or depleted. A ground-water reservoir is in equilibrium when the recharge equals discharge.
Long-term periodic. water-level measurements have been made in five observation wells in the basin. (See fig. 86 .) Short-term periodic measurements of the depth to water in nine other wells in the basin are also available. (See fig. 87 .) The effects on the water table of recharge to and discharge from the ground-water reservoir are apparent from the hydrographs. The water table is seldom stationary; thus, periodic water-level measurements in wells over a long period are necessary to understand fully the nature of changes in storage in the ground-water reservoir.
Most of the wells whose hydrographs are shown in figure 86 are close to streams, and the major, sharp rises of the water level in the wells reflect corresponding rises in the stage of a nearby stream during high surface-water runoff following heavy precipitation or snowmelt. An annual rise of water level, sometimes of several feet, in response to seasonal precipitation is apparent in the hydrographs of most of the wells. Extended periods of drought or above-average precipitation also are reflected in the long-term hydrographs. For example, the period of successive years of above-average precipitation beginning in 1945 (see fig. 84 ) is apparently reflected by a general rise of the water level in well 27-9-34da beginning during 1948 and 1949 (see fig. 86 ). The hydrographs of figure 86 indicate that there has been no long-term decline of the water table in the basin and that the water table has fluctuated principally in response to changes in infiltration from precipitation.
GROUND-WATER DISCHARGE
EVAPOTRANSPERATION
Ground water is withdrawn from the zone of saturation by evaporation in places where the capillary fringe extends to the land surface. The water surfaces of some lakes in the Sand Hills region are essentially an extension of the water table, and much of the water loss from those lakes is ground-water discharge. Ground water is discharged also by transpiration from plants in places where the plant roots can obtain water from the capillary fringe. 1951 1952 1953 1954 1950 1951 1952 1953 1954 FIGURE 87. Hydrographs of the water level in nine wells in the Elkhorn River basin, Nebraska, 1950-54T he amount of ground water discharged by evapotranspiration varies with a number of factors, such as air and soil temperature, relative humidity, wind velocity, and season; the rate of evapotranspiration is greatest during the plant-growth season when temperatures are highest. Although this study was not designed to determine the quantity of ground water discharged by evapotranspiration, the quantity so discharged is known to be considerable from the parts of the area in which the water table is close to the land surface.
1950
SEEPAGE INTO STREAMS
Considerable ground water leaves the Elkhorn River basin above Pilger, Nebr., in the form of streamflow in the Elkhorn River. Because of the absorptive character of the soils in the basin, especially in the Sand Hills region, a relatively large part of the precipitation on the basin infiltrates into the soil, and runoff over the land surface occurs only after periods of exceptionally heavy rainfall. This is verified by field observation and by comparison of the daily discharge of the Elkhorn River at the Norfolk, Nebr., stream-gaging station with the daily precipitation. Consequently, the flow in the Elkhorn River is more uniform than that in streams draining areas having; high surface runoff rates.
Much of the annual streamflow in the Elkhorn River at Norfolk represents water discharged from the ground-water reservoir above Norfolk. The amount of ground water thus discharged from the basin is considerable, as can be inferred from the following table:
Annual discharge of Elkhorn River near Norfolk, Nebr., 1946-52 [From records of U. S. Qeol. Survey and Nebr. Dept. of Roads and Irrigation] Total discharger Water year in acre-feet A considerable amount of ground water is believed to pass beyond the Elkhorn River basin above Pilger, Nebr., by natural ground-water movement down the water-table gradient and through the aquifers that underlie the eastern boundary of the basin. Ground water that is neither intercepted by seepage into streams and drains nor discharged by evapotranspiration or pumping continues to move southeastward and out of the basin. The quantity of the underflow was not determined.
WITHDRAWALS FROM WEULS
Ground water is pumped from many domestic and stock wells, from a few municipal wells, and from a few irrigation wells during the periods ol low precipitation that occur during the growing season. However, no attempt was made to determine the total annual withdrawal of ground water for irrigation and other purposes. The total quantity of water pumped is very small in proportion to the total amount of ground water available in the basin.
All public supply and irrigation wells in the basin, but only a few of the domestic and stock wells, were inventoried. Forty-two of the forty-five irrigation wells obtain water from sand and gravel of Pleistocene age; three obtain water from both sand and gravel of Pleistocene age and the Ogallala formation of Tertiary age. Table 6 shows the data collected during the well inventory; all tabulated wells are drilled wells with metal casing unless otherwise noted.
DOMESTIC AND UVESTOCK WATER SUPPLIES
Most of the domestic and stock-water supplies in the Elkhorn River basin are obtained from wells. A few cisterns are used to store rain-GROUND-WATER RESOURCES, ELKHORN RIVER BASIN, NEBRASKA 731 water for laundry and other domestic purposes. The domestic and stock wells generally are driven or drilled wells of small diameter, are equipped with pitcher, force, rotary, or jet pumps, and are powered by hand, wind, or electricity. The wells discharge only a few gallons per minute. Much more water is pumped for domestic and stock use in the basin than for all other purposes.
MUNICIPAL WATER SUPPLIES
Twenty-six towns in the Elkhorn River basin above Pilger obtain water from wells. All towns in the basin have public water-supply systems except Amelia, which is supplied by privately owned artesian wells. Each home in Amelia has a flowing well, which is allowed to flow continuously and thus wasting much of the water. The wells in this town are about 100 feet deep, obtain water from sand and gravel of Pleistocene age, and produce a maximum of about 10 gpm from any individual well. Records of municipal wells are given in tables 2 and 6. 
INDUSTRIAL WATER SUPPLIES
The use of ground water for industrial purposes is negligible. Kailroads have changed from steam to diesel power, and their water use has been reduced greatly. Several creameries use relatively large amounts of water, which they purchase from local municipalities.
IRRIGATION WATER SUPPLIES
Ground water is the source of nearly all irrigation water used in thfe Elkhorn River basin above Pilger, Nebr. A few irrigators pump water directly from the Elkhorn River, but they have relatively small installations that pump only a very small percentage of the total amount of irrigation water. The irrigation wells are not pumped during years of favorable rainfall; irrigation generally is practiced only when the summer precipitation is decidedly deficient.
POTENTIAL GBOUND-WATEB DEVELOPMENT
Much more ground water than is at present (1953) developed could be pumped from the ground-water reservoir in the Elkhorn River basin above Pilger, Nebr., without seriously depleting the supply. Withdrawal of water from the ground-water reservoir will lower the water table, but to salvage ground water that is naturally discharged from the basin, the water table must necessarily be lowered.
In the Sand Hills region, where ground-water levels are naturally high, pumping of consequence would lower the water table and create storage to accommodate additional ground-water recharge. Thus, some of the water that now runs off the land surface and into the streams would infiltrate the ground and be stored in a natural underground reservoir for future beneficial use. In addition, all or some of the water now evaporated from ponds and wet meadows and transpired by vegetation in places where the water table is close to the land surface would be salvaged. If the increased withdrawals of ground water by pumping exceed the amount of water salvaged from evapotranspiration losses, the water table will decline, and ultimately the ground-water discharge into the streams will diminish. However, that diminution of streamflow generally would not be appreciable before a considerable lapse of time, perhaps of tens of years. Should the quantity of water removed by pumping exceed the present base flow in the streams plus the present evapotranspiration losses, the water table would decline progressively. However, the water table would rise during years of above-normal precipitation and, if the precipitation was unusually great, could well be restored to its initial position temporarily. The available water in the basin can be conserved and utilized best only by periodically lowering the water table and thus salvaging water that now flows out of the basin, is evaporated, or is nonbeneficially transpired.
Detailed ground-water studies are needed before and during extensive development of ground water for irrigation in the basin to determine the perennial safe yield of the ground-water reservoir. The studies would require adequate topographic maps; construction of water-table contour maps; long-term periodic water-level measurements in observation wells; geologic mapping; construction of maps showing the depth to water and the saturated thickness of the aquifier; determination of the transmissibility and storage coefficients of the aquifers; additional test drilling; continuation and perhaps intensification of streamflow measurements; and adequate determination of the chemical quality of the water and ultimate changes in that quality. A detailed appraisal of ground-water conditions in the relatively undeveloped areas is particularly essential.
CHEMICAL QUALITY OF THE WATER
By ROBERT A. KRIEGER
Results of chemical analysis of 29 samples of ground water from Quaternary deposits in the upper Elkhorn River basin are given in table 3. Eight of these samples were collected during the 1952 field season, especially for this report. The location of the wells that were fig. 85 ), the water is typically low in total mineralization, hardness, and percent sodium. In the central region the water is more mineralized and harder and has larger amounts of bicarbonate in solution. In the northern drift region the water is considerably more mineralized and contains significantly higher concentrations of sodium and sulfate. Water in the northern drift region is more highly mineralized than that in the other regions because the mantle rock in the northern drift region contains larger proportions of easily weathered and soluble minerals. fig. 85 and pi. 44); and the water in the North Branch, is similar in quality to the ground water in the central and northern drift regions.
CHEMICAL QUALITY OF THE WATER IN RELATION TO USE
The chemical quality of irrigation water is important because the dissolved salts or other chemical or physical characteristics may result in injury to plants and soils. For example, plant growth may be unpaired by high total salinity or high boron concentration; soil permeability and tilth may be impaired if sodium is the major cation in the water, particularly if there is a high ratio of sodium to other cations; or alkaline soils may develop if sodium bicarbonate is the predominant dissolved salt.
Criteria for classifying irrigation water have been based by the United States Salinity Laboratory Staff (1954, p. 69-82) on average GROUND-WATER RESOURCES, ELKHORN RIVER BASIN, NEBRASKA 737 conditions of drainage, infiltration rate, quantity of water used, soil texture, climate, and salt tolerance of plants.
Water is classified as "low-salinity water" if the specific conductance is less than 250 micromhos, as "medium-salinity water" if from 250 to 750 micromhos, and as "high-salinity water" if from 750 to 2,250 micromhos. The terms are explained by the U. S. Salinity Laboratory Staff (1954) as Low-salinity water can be used for irrigation with most crops on most soils with little likelihood that soil salinity will develop. Some leaching is required, but this occurs under normal irrigation practices except in soils of extremely low permeability. Medium-salinity water can be used if a moderate amount of leaching occurs. Plants with moderate salt tolerance can be grown in most cases without special practices for salinity control. High-salinity water cannot be used on soils with restricted drainage. Even with adequate drainage, special management for salinity control may be required and plants with good salt tolerance should be selected.
The ground water has low to medium salinity in the Sand Hills region, medium salinity in the central region, and medium to high salinity in the northern drift region. Water in the Elkhorn River and its tributaries has low to medium salinity. Thus, in the central and northern drift regions, ground water should be used for irrigation only on soils that have good drainage. Most crops now grown in the basin have medium or high salt tolerances. Only fruit trees, a few vegetable crops, field beans, and some varieties of clover have low salt tolerance.
Concentrations of boron in water of the basin were less than 0.33 ppm, which is not considered injurious in irrigation water to even the most boron-sensitive plants. Because the water contains only minor amounts of sodium, soil permeability and tilth would not be impaired.
If irrigation water contains more carbonate and bicarbonate than calcium and magnesium, then, after evaporation and plant uptake have resulted in precipitation of calcium and magnesium carbonate, the residue of carbonate in the soil solution is paired with sodium (Eaton, 1950) . This sodium carbonate in solution is "residual sodium carbonate"; it normally increases the pH of the soil solution and may ultimately cause the formation of black-alkali soils. However, both ground and surface waters in the basin have less than the usually accepted threshold value of 1.25 epm (equivalents per million) of "residual sodium carbonate" and thus are suitable for irrigation.
The drinking-water standards of the United States Public Health Service (1946) for water used on interstate common carriers are accepted by the American Water Works Association as standards for public supplies. Although these standards are not compulsory for water that is used locally, they are measures of the suitability of 
1 Maxcy, 1950 . 1 1,000 ppm permissible when water of better quality is not available.
Except for excessive concentrations of iron and manganese in water from some wells, the limiting concentrations generally were not exceeded in the ground and surface waters of the basin. However, ground water in the central and northern drift regions is harder than is usually recommended for domestic use, and its treatment to reduce hardness may be desirable. Specific limits of hardness cannot be set, but the following are general criteria:
Hardness as CaCOj (ppm)
Rating and usability <C60_________________ Soft suitable for many uses without further softening. 60-120-______________ Moderately hard usable except in some industrial applications. 120-200-_____________ Hard softening required by laundries and some other industries. >200________________ Very hard requires softening for most purposes.
Water in the Sand Hills region is the most suitable, and water in the northern drift region is the least suitable for domestic use.
LOGS OF TEST HOLES AND WELLS
The logs of 36 test holes and wells are shown in numerical order, by counties, in table 5. The logs of test holes 25-4-27db (Pierce County), 23-3-30ab, and 23-4-35aa (Madison County) were prepared by V. H. Dreeszen of the Conservation and Survey Division, University of Nebraska, from samples of drill cuttings submitted to the Nebraska Geological Survey by the drillers. Logs of other test holes or wells were obtained from the well owner or from drillers. Clay-..--Sand, fine; some clay and gravel- 1947 1923 1934 1947 1947 1947 1947 1946 1947 1944 1947 1947 1923 1946 1950 1935 1952 1921 1921 1921 1921 1921 1949 1948 1948 1946 1946 1946 1946 193 180  180  233  160  161  201  206  97.0  65  90  87  89  124  124  "13.0  180  100  53  34  27  26  30  27  96  190  103  93  83  93  53   18  8  8  18  18  18  24  18  24  24  18  18  12  8  12  1  10  10  10  18  M8  M8  "18  bl8  18  18  18  18  18  18 18 
